INTRODUCTION
The plant cell cycle consists of a series of events leading to duplication and division that affect overall plant growth and development. The cell cycle is controlled by several mechanisms, including the binding of different cyclin-dependent kinases (CDKs) to partner cyclins at different checkpoints. The activity of CDK-cyclin complexes is suppressed by negative regulators known as CDK inhibitors (CKIs). Therefore, CKIs can modulate the activity of CDK-cyclin complexes, thereby coordinating cell cycle progression.
There are two different types of CKIs in mammals, INK4 and the Kip/Cip family, which includes p21 Cip1 , p27
Kip1 and p57
Kip2
(1). These CKIs bind to all known G1/S phase specific CDKs (2) . In Arabidopsis, seven CKIs that share similarity to the mammalian p27 Kip1 inhibitor have been identified by the yeast two-hybrid system and are referred to as Kip-related proteins (KRPs) (3, 4) . All KRPs share a conserved CDK-binding domain at their C-terminus, which is important for inhibition of activity (4) (5) (6) . CDK-cyclin D complexes are most active in cells in G1 or S phase (6) . However, the competitive binding of KRPs to the N-terminus of CDK prevents complex formation with cyclin Ds. Furthermore, KRPs regulate both DNA synthesis and mitosis during the cell cycle by binding and inhibiting A-type CDKs with their conserved CDK-binding domain.
When plant hormones such as auxin and cytokinin are applied to plants, changes in plant growth and development are induced. Responses to auxin include growth of lateral and adventitious roots, apical dominance, leaf and flower absicission and DNA synthesis (7) . Cytokinins influence organ development (shoot formation), delay senescence and promote lateral bud growth (8) via stimulation of cell division (9) . The regulation of cell division requires auxin in order to induce DNA synthesis. Therefore, one must understand how cell division is affected by the interaction between exogenous auxin or cytokinin and cell cycle regulators. Auxins and cytokinins are members of a biochemical network control the transcription of cell cycle genes (10) (11) (12) . Auxin is important for the assembly of active CDKA-associated complexes that regulate expression of Aand B-type cyclins as well as plant cell division (13) . CycD3;1 expression is induced by cytokinin (14, 15) . It has been shown that KRP1 expression is strongly up-regulated by the addition of auxin and that KRP2 is induced by cytokinin (16) .
In this study, we characterized the function of KRP4 and examined the relationship between plant hormones and cell cycle-related genes. KRP4 was suppressed after seedlings were cultured on MS media containing hormones. However, elevated levels of D-type cyclins were observed at the transcriptional level. Additionally, we discuss how the expression of cell cycle-related genes is regulated in response to auxin or cytokinin treatment during plant development.
RESULTS AND DISCUSSION

Sequence analysis of KRP4
Using the yeast two-hybrid system, we identified and cloned a putative CDK inhibitor (Ack2/KRP4) gene encoding proteins that interact with CDKs in Arabidopsis. KRP4 cDNA (Accession No. At2g32710) is composed of 870 bp that putatively http://bmbreports.org encode 289 amino acids including six conserved domains (Fig. 1A) . Seven KRPs have been identified in Arabidopsis using the yeast two-hybrid system and three domains (domain I, II and III) located at the C-terminal end are shared by all KRPs (3). Domain I is responsible for the inhibition of CDK (17), suggesting that KRP4 might suppress the activities of CDK and CDK-cyclin complexes during the cell cycle. In a previous study, a binding specificity assay revealed that KRP4 interacts with CDKA;1, but not with CDKB1;1 (3). The other three domains (domain IV, V and VI) are not common among the KRPs, but were identified in KRP3, KRP4 and KRP5. Still, the function of these domains has not yet been determined. Although all KRPs have the conserved C-terminal domain, distinct sequences found in their N-terminal portions suggest that each KRP has a different biochemical function.
Phylogenetic analysis has revealed a relationship between KRP4 and other KRP proteins in Arabidopsis (Fig. 1B) . KRP4 was found to have higher homology with KRP3 and KRP5 than other KRP proteins. Based on these findings, Arabidopsis KRPs can be grouped into three more closely related subsets; (KRP1 and KRP2), (KRP3, KRP4 and KRP5) and (KRP6 and KRP7). Therefore, Arabidopsis KRPs can be identified by the presence (KRP6 and KRP7) or absence (KRP1, KRP2, KRP3, KRP4 and KRP5) of a consensus CDK phosphorylation site (3).
The expression pattern of KRP4 during Arabidopsis development
To determine the number of copies of the KRP4 gene in A. thaliana, we conducted Southern blot analysis ( Fig. 2A) . Briefly, genomic DNA was cut with EcoRI, BamHI or XbaI, followed by hybridization with 200 bp of KRP4 cDNA as a probe. As shown in Fig. 2A , single bands of 4 kb, 5 kb and 8 kb were observed. These results suggest that KRP4 exists as a single copy in the Arabidopsis genome.
Next, we evaluated KRP4 gene expression in various organs by northern blot analysis using a KRP4-specific probe. The KRP4 gene was strongly expressed in roots and slightly expressed in leaves, flowers and stems, but not siliques (Fig. 2B) . It is well known that KRP4 is expressed in the dividing cells of the shoot apical meristem, procambium, young leaf primordia and vascular tissue of the shoot apex in A. thaliana (18) .
The developmental expression pattern of KRP4 was also evaluated by northern blot analysis. Briefly, total RNA was isolated from seedlings cultured on MS medium for 3, 7 and 15 days after germination. The transcript levels of KRP4 gradually increased until 15 days after germination (Fig. 2C ). This result indicates that KRP4 mRNA accumulates in a growth-phase dependent manner. http://bmbreports.org BMB reports 
Flow cytometric analysis during plant hormone treatment
To investigate the connection between the cell cycle and plant development in response to different plant hormones, we compared the phenotypes of seedlings that were cultured on MS medium containing auxin or cytokinin for 12 days after germination. As shown in Table 1 We used flow cytometry to measure the distribution of cells in G1, S and G2 phase in A. thaliana cultured on MS medium containing several plant hormones. Significant differences in the number of cells in S and G2 phase were observed among the treatment groups. Specifically, all seedlings treated with auxin or cytokinin experienced an increase in the number of cells in S phase (Fig. 3A) . Remarkably, seedlings treated with BA had roughly four-fold more cells in S phase than plants not treated with hormone. However, BA-treated seedlings did not show a significant increase in the number of cells in G2 phase when compared to seedlings cultured on MS medium without hormones. The number of cells in G2 phase was higher for NAA treatment than any other treatment group. In a tobacco cell suspension culture, cell cycle progression was delayed in S phase by auxin (13) . This cytometric result implies that the morphological changes induced by plant hormones may be related to alteration of the cell cycle. http://bmbreports.org
Expression patterns of cell cycle-related genes in response to plant hormones
Since the number of cells in S phase was increased remarkably in response to plant hormone treatment, we investigated the expression patterns of S/G2 phase marker genes, especially KRP4, by semi-quantitative reverse transcription (RT)-PCR analysis.
The transcription of cell cycle-related genes differed among seedlings cultured on medium containing hormones, which is consistent with the observed phenotypes. Specifically, the expression levels of CDKA, CycD1;1 and CycD2;1 were increased by hormone treatment during seedling development (Fig. 3B) . However, the transcription of CycD3;1, which is activated at the beginning of S phase, was slightly decreased. On the contrary, the transcription of CycD1;1 was up-regulated in the presence of auxin or cytokinin but not IAA, and this regulation was maintained at a constant level until 8 days after treatment (Fig. 3B) KRP4 has also been shown to be responsive to hormone treatment. In the present study, the transcriptional expression of KRP4 was slightly reduced for 8 days by auxin, with greater reduction being observed in response to IAA treatment. These findings are consistent with those of a study conducted by Richard et al. (16) , who reported that KRP4 gene transcription was decreased in A. thaliana cells cultured with auxin or cytokinin. Additionally, KRP4 was slightly reduced by NAA treatment during lateral root initiation (19) . Previous studies have shown that KRP4 negatively regulates CDK-cyclin D complexes at the G1/S phase transition by interfering with their formation. Taken together, these results indicate that KRP4 expression might be repressed in the presence of D-type cyclins, and that CDKA may allow cells to enter S phase in response to the addition of hormones.
We also analyzed the expression pattern of mitotic cyclins, such as CycA1 and CycB2, in response to auxin and cytokinin. CycA1 was up-regulated in response to hormone treatment for 8 days, but treatment with IAA resulted in the down-regulation of CycA1. In addition, CycB2 expression, which occurs at the G2/M transition, was slightly decreased after the addition of all hormones except for NAA. These findings imply that plant hormone signal transduction might be synchronized with cell cycle progression during plant development.
In summary, cell cycle-related genes including KRP4 mediate exogenous hormone function and regulate the cell cycle during G1 or S phase. Especially, KRP4 is down-regulated by the presence of hormones. This result suggests that KRP4 may contribute to regulation of the cell cycle as an inhibitor in response to auxin or cytokinin. Other cell cycle-related genes have distinct roles, as they are differentially expressed in response to different hormones. Therefore, we propose that KRP4 along with other cell cycle-related genes co-regulate the cell cycle via hormone response pathways during plant development. Cell cycle-related genes and plant hormones may have a mutual effect on plant development. However, further studies are necessary to determine if the cell cycle responds directly to hormones during plant development.
MATERIALS AND METHODS
Plant materials and hormone treatment
Arabidopsis thaliana (L.) (ecotype Columbia) were grown either in soil or in MS (Murashige and Skoog 1962) medium containing 1% (w/v) sucrose and 0.6% plant agar (pH 5. 
Sequence analysis
Protein sequence alignments were conducted using Clustal W program (20) with default settings that were manually adjusted. After removing gaps from initial alignments, a phylogenetic tree was generated using the neighbor-joining (NJ) method in PHYLIP version 3.65 package (21) . Bootstrap analysis was performed by repeating the procedure on 1000 data sets.
Southern blot analysis
Genomic DNA was isolated from a whole Arabidopsis plant. Genomic DNA (20 μg) was digested to completion with EcoRI, BamHI or XbaI, followed by separation by electrophoresis on a 1% agarose gel for 3 h at 50 V. Denaturation was then performed and DNA was blotted onto a nylon membrane (Hybond N + , Amersham Pharmacia). The membrane was hybridized with partial KRP4 cDNA labeled with [α- 
Northern blot analysis
To investigate the developmental expression pattern of KRP4, Arabidopsis seedlings were collected 3, 7 and 15 days after germination. Total RNA was extracted from various Arabidopsis organs (leaves, roots, flowers, stems and siliques) using Trizol-reagent (Invitrogen) according to the manufacturer's instructions. Total RNA concentration and purity were determined by spectrophotometry and by ethidium bromide staining, respectively. Twenty-five μg of total RNA were loaded on a 1% agarose gel containing 7.4% formaldehyde. RNA was then transferred to a nylon membrane after electrophoresis and visualization under UV light. Hybridization was performed using KRP4 cDNA labeled with [α-32 P]-dCTP as a probe. After hybridization, washing and development were performed.
Flow cytometric analysis
DNA content and cell distributions were measured by flow cytometry. Seedlings cultured for 12 days on MS medium containing several plant hormones were chopped into small pieces with a razor blade in 1 ml of extraction buffer (45 mM MgCl2, 20 mM MOPS, 30 mM sodium citrate and 1 mg/ml Triton X-100). The suspension was passed through a nylon filter (40 μm of pore size) and then added to final concentrations of 100 μg/ml for propidium iodide (Sigma) and 10 μg/ml for RNase. The solution was incubated at 37 o C for 8 min and analyzed with excitation at 488 nm in a Becton-Dickinson FACScalibur cytometer (Partec GmbH, Munster).
RT-PCR analysis of cell cycle-related genes
Total RNA was isolated from whole seedlings treated with different plant hormones. First-strand cDNA from total RNA was synthesized using M-MLV reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The 
